Background/Aims: Hexokinase (HK) is a key glycolytic enzyme which promotes the maintenance of glucose homeostasis in cardiomyocytes. HK1 isoform is predominantly bound to the outer mitochondrial membrane and highly supports oxidative phosphorylation by increasing the availability of ADP for complex V of the respiratory chain. HK2 isoform is under physiological conditions predominantly localized in the cytosol and upon stimulation of PI3K/ Akt pathway associates with mitochondria and thus can prevent apoptosis. The purpose of this study was to investigate expression and subcellular localization of both HK isoforms in left (LV) and right (RV) heart ventricles of adult male Wistar rats. Methods: Real-Time RT-PCR, Western blotting, and quantitative immunofluorescence microscopy were used. Results: Our results showed a significantly higher expression of both HK1 and HK2 at mRNA and protein levels in the RV compared to the LV. These findings were corroborated by immunofluorescence staining which revealed substantially higher fluorescence signals of both HKs in the RV than in the LV. The ratios of phospho-Ser473-Akt/non-phospho-Akt and phospho-Thr308-Akt/nonphospho-Akt were also markedly higher in the RV than in the LV. Conclusion: These results suggest that the RV has a higher activity of aerobic glycolytic metabolism and may be able to respond faster and more powerfully to stressful stimuli than the LV.
Right-To-Left Ventricular Differences in the Expression of Mitochondrial Hexokinase and Phosphorylation of Akt

Introduction
Hexokinase (HK) is a key glycolytic enzyme of the cardiac energy metabolism which keeps the intracellular glucose concentration at a low level by phosphorylating glucose to glucose-6-phosphate (G-6-P), thereby regulating glucose fluxes into cardiomyocytes. HK is essential for the regulation of glucose utilization and for the maintenance of glucose uptake [1] . Two HK isoforms (HK1 and HK2) present in cardiac tissue [2, 3] differ in their substrate affinity and subcellular localization reflecting their different metabolic roles [4] [5] [6] . Under physiological conditions, HK1 is predominantly bound to the outer mitochondrial membrane, where it has been suggested that it primarily channels glucose toward glycolysis [1, 7] , whereas HK2 is mainly soluble and controls glycogen formation [1, 6, 8] . Distribution of HK2 between the cytosol and the mitochondria is dynamically regulated by glucose availability [6] . Increasing glucose uptake via the main glucose transporter GLUT4 [9, 10] mediates the interaction of HK2 with the outer mitochondrial membrane [11] . This interaction enhances the HK2's affinity to ATP [2, 7, 12, 13] and makes HK2 less sensitive to inhibition by its product G-6-P, which is further metabolized in the glycolytic pathway [12] [13] [14] . The translocation of HK2 to the mitochondria is facilitated by Akt-mediated phosphorylation of HK2 at the Thr473 residue [15] and this effect of Akt requires the presence of glucose [16] . Thus, both glucose and Akt signalling promote the binding of HK2 to the mitochondria, which may favor glucose catabolism over glycogen synthesis [6] . Akt also prevents HK2 dissociation from the mitochondria upon glucose removal and the ability of G-6-P to reduce the HK-mitochondria interaction [6] .
Mitochondria-bound HKs highly support oxidative phosphorylation by increasing the availability of ADP for complex V of the respiratory chain [17] which helps to maintain a suitably low membrane potential and thus prevents the overproduction of the reactive oxygen species (ROS) [18] . HK bound to mitochondria via the voltage dependent anion channel (VDAC) [19] [20] [21] reduces the probability of apoptosis initiation [22] [23] [24] by inhibiting
RNA isolation and Real-Time quantitative RT-PCR analysis
The total cellular RNA was extracted from myocardial samples using TRIZOL Reagent (Invitrogen) and cleaned up by DNA-free RNA kit (Ambion). The purity and integrity of the RNA preparations was checked spectroscopically and by agarose gel electrophoresis. Ten μg of total RNA was converted to cDNA using a RevertAidTM H Minus First Strand cDNA Synthesis Kit (Fermentas) with oligo(dT) primers according to the manufacturer's instructions. The primers for amplification of hexokinase isoform genes were designed using the Universal Probe Library Assay Design Center (Roche Applied Science). Sequences of the primers were: Hk1 (F): TCTGGGCTTCACCTTCTCAT and Hk1 (R): ATCAAGATTCCACAGTCCAGGT; Hk2 (F): CCAGCAGAACAGCCTAGACC and Hk2 (R): AGATGCCTTGAATCCCTTTG. Both pairs of primers were spanning introns. Each sample of cDNA was diluted 1:2 with RNAse free water and 1 μl of this cDNA was then amplified in 10 μl of PCR reaction mixture containing 1 μM of HK isoform-specific primers and SyberGreen Master Mix (Bio-Rad) according to the manufacturer's instructions. Real-Time PCRs were performed on a LightCycler® 480 Real-Time PCR System (Roche Applied Science) using SyberGreen protocols. The data used for the calculations are the mean of the CT values obtained from qPCR performed in triplicates. The variation between triplicate determinations did not exceed 0.5 CT. Melting curve analysis was performed to ascertain the presence of a single amplicon for each pair of primers. Standard curves were generated for each pair of primers using a 3-fold serial dilution of cDNA. The amplification efficiency of the PCR reaction for each primer pair was then calculated from the standard curve in order to estimate precisely the relative transcript expression. Transcript levels were normalized to the level of the reference gene hypoxanthineguanine phosphoribosyl transferase 1 (HPRT) transcript. High expression stability of HPRT had been established previously [35] . The expression level of mRNA was normalized with regard to specific PCR efficiency (E) for each gene according to the following formula [36] :
No-template and no-RT control reactions were performed to screen for false amplification and to confirm the absence of DNA contamination.
SDS-PAGE and Western blot analysis
Individual homogenates from the LV and RV samples were separated by sodium dodecyl sulfate electrophoresis on 10% polyacrylamide gels at a constant voltage of 200 V (Mini-PROTEAN TetraCell, BioRad). The gel-resolved proteins were electrotransferred onto the nitrocellulose membrane (0.2 µm pore size, Protran BA 83, Whatman) at a constant voltage of 100 V and 350 mA current for 1 h (Mini Trans-Blot, Bio-Rad). Membranes were blocked for 1 h at room temperature with 5% non-fat dry milk in Tris-buffered saline solution containing Tween 20 (TTBS). After washing in TTBS, membranes were incubated overnight at 4°C with the following primary polyclonal antibodies: rabbit anti-HK1, rabbit anti-HK2 (Santa Cruz Biotechnology), all rabbit anti-Akt, anti-phospho-Akt (Ser473), and anti-phospho-Akt (Thr308) (GenScript, Antibodies-online GmbH). Next day, the membranes were washed in TTBS and incubated with anti-rabbit secondary antibody (GE Healthcare Amersham). Proteins were detected by enhanced chemiluminiscence (ECL) substrate (SuperSignal West Dura Extended Duration Substrate, Thermo Scientific Pierce) and visualized by a LAS-4000 imaging system (Genetica, Fujifilm). Changes in the relative protein levels were quantified using Quantity One Software (Bio-Rad). The same amount of protein (20 µg per lane) was loaded on the gels. All samples from both ventricles were always run on the same gel and quantified on the same membrane. The analysis was repeated four times for each antibody. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a loading control to ensure that equal amount of protein was analyzed in each sample. Variation of the GAPDH immunoreactivity signal between the individual samples on each immunoblot was under 5 % (data not shown).
HK enzyme activity analysis
Specific enzyme activity of HK was assessed by enzyme-coupled assays according to a slightly modified Worthington protocol (http://www.worthington-biochem.com/HK/; Worthington Biochemical Corporation). The assay buffer consisted of 0.05 M TRIS, 13.3 mM MgCl 2 , 0.8 mM NAD, 0.8 mM ATP, 0.5% Triton X-100, and 1 U/ml G-6-P dehydrogenase (pH 8.0). Samples (60 µg per well) in 167 µl of the HK assay buffer were placed into 96-well plates. The reaction was initiated after 2 min by the addition of 33 µl of starting solution (1.5 M glucose in TRIS-MgCl 2 buffer, pH 8.0) and the assay was run at 30°C for 15 min. The measurement of absorbance at 339 nm wavelength was performed using a multireader Synergy TM HT (Biotek Instruments). The HK specific enzyme activity was expressed as units per gram protein (U/g) [37] .
Immunofluorescence staining Ventricular myocardium for immunofluorescence staining was processed as described previously [38] . The subcellular localization of HK1 and HK2 and their co-localization with the mitochondrial membrane in the LV and RV were investigated by immunofluorescence staining of apex cross cryosections followed by fluorescence microscopy. Cryosections (5 to 7 µm) were fixed in 4% methanol-free formaldehyde (Polysciences, Inc.) and permeabilized in 100% ice-cold methanol. Non-specific binding sites were blocked in an appropriate serum diluted in PBS containing 0.3% Triton X-100. Cryosections were incubated with rabbit primary polyclonal antibodies against rat HK1 and HK2 (Santa Cruz Biotechnology) or, alternatively, with Alexa Fluor 488 conjugated rabbit monoclonal antibody against rat HK1 (Cell Signaling Technology). Sections stained with polyclonal sera were subsequently incubated with donkey anti-rabbit IgG secondary antibody conjugated with Alexa Fluor 488 (Invitrogen, Molecular Probes) or goat anti-rabbit IgG secondary antibody conjugated with Cy5 (KPL, Inc.). The mitochondrial compartment was stained with MitoProfile Total OXPHOS Rodent Antibody Cocktail (Abcam). Binding of primary antibodies was visualized with goat anti-mouse Alexa Fluor 647 secondary antibody (Invitrogen, Molecular Probes). Sections were mounted in ProLong Gold Antifade Reagent containing DAPI as a nuclei marker (Invitrogen, Molecular Probes).
Quantitative fluorescence microscopy
Representative qualitative images were captured by confocal microscopy (Leica TCS SP2). Images were acquired using a sequential scanning mode avoiding cross-talk between channels, 16 times line averaging, and noise reduction by 3 times frame averaging. For the purpose of quantitative analysis, images were acquired using a broad-band fluorescence microscope (Olympus Cell^R).
Myocardial expression of both HK isoforms was investigated by fluorescence intensity measurements using Fiji ImageJ open source software [39] . Eight positions (four for each ventricle) on every section were captured. A time-lapse scanning mode was used in order to prove the stability of fluorescence during the sample observation and acquisition. Each position was scanned 10 times and average intensity for each ventricle was calculated.
The correlation between the fluorescence signal of HK1 or HK2 isoforms and the mitochondrial OXPHOS complex was calculated using an ICA plugin of Fiji ImageJ software [40] . Eight positions on each cryosection (four for each ventricle) were sequentially acquired for a red (AlexaFluor 647) and green (AlexaFluor 488) channel. Each position was optically sectioned at 0.5 µm steps resulting in approximately 12 focal planes depending on specimen thickness. Each position was captured twice to calculate the influence of the noise of an image. Regions of interest (ROI) were selected as sarcoplasmic myofibrilar regions excluding nucleus, perinuclear area and sarcolemma. The RBNCC method [41] was applied for the correction of noise when calculating the Pearson's correlation coefficients between the green channel representing HK1 or HK2 and the red channel representing OXPHOS complexes.
Results
Hexokinase expression and enzyme activity
The Real-Time RT-PCR analyses (Fig. 1A, B) showed that the mRNA levels of both HK1 and HK2 were higher by 128% and 34%, respectively, in the RV than in the LV. The protein levels of HK1 and HK2 followed this pattern: they were also markedly higher (by 76% and 42%, respectively) in the RV than in the LV (Fig. 1C, D) . The hexokinase specific enzyme activity did not significantly differ between the ventricles (Fig. 1E) .
Quantitative immunofluorescence microscopy analysis of HK distribution
Expression of both HK1 and HK2 isoforms in the RV was also verified by immunofluorescence staining of the cross cryosections. HK1 as well as HK2 manifested significantly higher fluorescence intensity (by 24% and 22%, respectively) in the RV 
Western blot analysis of Akt
The phospho-Ser473-Akt as well as the phospho-Thr308-Akt levels were significantly higher in the RV than in the LV (Fig. 3A, B) , similarly as the ratio of phosphorylated to nonphosphorylated Akt (Fig. 3C, D) , indicating a higher activation of Akt in the RV, which is required for the interaction of HK2 with mitochondria.
Subcellular localization of HK and co-localization of HK with mitochondria
It has been previously demonstrated that the higher phosphorylation of Akt is usually associated with higher co-localization of HKs with mitochondria [15] . As can be seen in Fig. 4A and 4B, the HK isoforms displayed different patterns of fluorescence signals in cardiomyocytes. In contrast to a fuzzy pattern of HK2 distribution, HK1 appeared to be organized rather into longitudinal arrays or chains. Pearson's correlation coefficients between the green (HK1 or HK2) and the red channels (OXPHOS mitochondria) were calculated to further quantify differences in the co-localization of HKs with the mitochondria. Neither co-localization of HK1 (0.48 ± 0.04 vs 0.53 ± 0.04) nor co-localization of HK2 (0.35 ± 0.03 vs 0.37 ± 0.03) with mitochondria differed between the LV and the RV. However, the co-localization of HK2 with mitochondria was significantly lower compared to HK1 in both ventricles (Fig. 4C) .
Discussion
In the present study, we demonstrated a significantly higher expression of HK1 and HK2 isoforms at mRNA, as well as protein level in the RV as compared to the LV, although the total HK activity did not differ between the ventricles. These findings were confirmed The increase in yellow-orange color in both panels indicates an increased co-localization of HK1 or HK2 with mitochondria in both LV and RV (the left and right micrographs, respectively). Scale bar represents 13 µm. Quantification of co-localization of HK1 and HK2 with mitochondria (OXPHOS complexes) using the Pearson´s correlation coefficients in cryosections from the LV and RV (C). Values are mean ± SEM from 6 hearts.
# p < 0.05 vs HK1 LV, ## p < 0.05 vs HK1 RV.
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by immunofluorescence staining and fluorescence microscopy analysis, which revealed substantially higher fluorescence signals of both HKs in the RV than in the LV. Moreover, we found a higher phosphorylation of Akt at the Ser473 residue as well as the Thr308 residue in the RV. The LV and RV exhibit striking differences in anatomical and functional characteristics such as the size, shape, wall thickness, myofiber architecture, as well as systolic and diastolic properties, reflecting their diverse roles in the circulation and determining their different responses to various loading conditions and disease states [42] [43] [44] [45] . Concerning myocardial energetics, the oxygen requirements of the RV is lower compared to the LV due to lower wall stress, resulting in a larger oxygen supply reserve [45] making the RV less vulnerable to conditions associated with increased energy demands. In view of these differences, it seems conceivable that the RV and LV may differ in the expression profiles of genes and proteins controlling myocardial energy metabolism. However, so far there are only a few studies addressing the metabolic differences between the RV and LV on the molecular level [46, 47] .
Most studies dealing with HK in the heart focused only on the enzyme activity in homogenate. Myocardial HK activity differs among species and exhibits the transmural gradient [48, 49] . It was reported that HK exhibits the maximal enzyme activity in the heart during the fetal period and only moderate changes occur during postnatal life [50, 51] . Although higher activity of HK in the RV compared to the LV was found in young rats [49, 51] , other studies did not detect any significant right-to-left ventricular difference [52] [53] [54] according to results of the present work. To our knowledge, no data have been published to date comparing the expression and subcellular localization of HK isoforms in the RV and LV. The higher content of HK in the RV demonstrated in the present study may suggest a higher activity of aerobic glycolytic metabolism in this ventricle, which can enhance oxidative phosphorylation and consequently attenuate oxidative stress. This notion is supported by recent findings of the higher expression of insulin-like growth factor 1 (IGF-1) in the RV than in the LV [46] . IGF-1 is an important regulator of glucose uptake and utilization [55] . Besides that the RV shows a lower expression of both fatty acid binding protein isoforms and a higher expression of glycogen debranching enzyme [47] which may favor higher glucose utilization in the RV. A higher activity of glucose metabolism is associated with a faster contraction related to myosin heavy chain (MyHC) isoform expression. Interestingly, a lower expression of MyHCβ and a higher expression of MyHCα with higher ATPase activity [56] [57] [58] in the RV as compared to the LV [59, 60] , indicate that the RV exhibits a faster muscle phenotype. Indeed, the shortening velocity of the RV muscle is greater than that of the LV [59] .
Some experimental studies demonstrated that the RV is more resistant than the LV to the toxic effect of anthracycline and to the injury caused by acute ischemia [31] [32] [33] , suggesting that more efficient protective mechanism(s) may operate in the RV. However, one cannot eliminate whether the better ischemic tolerance of the RV is due to its lower workload and energy demands. Interestingly, several reports showed that an increased expression of HK is associated with an improved resistance of cells, including cardiomyocytes, against ischemic injury [61] and apoptosis [15, 22, 25, [28] [29] [30] . HK is a crucial glycolytic enzyme playing an important role in survival pathways. Both HK isoforms are essential for the normal physiological function of the heart and are not mutually substitutable. The depletion of the HK1 isoform results in caspase-8-dependent cell death in response to TNF [27] , which points out to a strong pro-survival function of this enzyme. The physiological importance of HK1 probably lies to a high degree in the association of this isoform with mitochondria, because its function in glycolysis could be replaced by HK2. Accordingly, the binding of HK2 to mitochondria has been shown to be necessary for the normal function of mitochondria. A recent study demonstrated that the displacement of HK2 from isolated mitochondria using an artificial peptide resulted in the enhanced release of cytochrome c upon treatment with the recombinant tBid, a membrane-targeted death ligand [62] . In addition, the disruption of HK2 binding to mitochondria blocks ischemic preconditioning and may cause myocardial necrosis [63] or apoptosis [28] .
The importance of the association of HK with mitochondria for the regulation of its activity was proved by experiments demonstrating that the enzyme activity doubled during the first hour after HK translocation to the mitochondria and continued to rise thereafter [64] . However, in the present study we did not find any difference in total HK activity or in its association with mitochondria between the ventricles despite the higher expression of HK1 and HK2 in the RV as compared to the LV. This apparent discordance may be explained by the fact that comparable amounts of both HK isoforms bound to mitochondria were detected in both ventricles. The increased total amount of HK in the RV as compared to the LV can be due to higher levels of cytosolic forms of the enzyme. Taking into account that HK associated with mitochondria contributes principally to a higher enzyme activity, thus the increased levels of cytosolic HK in the RV need not substantially affect the total enzyme activity. Moreover, changes in the total HK activity correlate with specific changes in the activity of the cytosolic isoform HK2 rather than with the activity of HK1, which is predominantly bound to mitochondria [65] .
When comparing the expression and activity of HK, it is important to keep in mind that standard Western blot analysis under denaturing conditions only allows the detection of the monomeric form of the enzyme, but the dimers or tetramers may substantially differ in their activity [66] . Posttranslational modifications such as sumoylation [67] and ubiquitinylation [68] can affect the enzyme activity of HK and cause its degradation. The majority of soluble HK2 in brain tissue has been found to be ubiquitinylated at the N-terminal portion of the molecule, which may increase its susceptibility to degradation [68] and affect its enzyme activity [24] . Hence, the enzyme activity need not be directly proportional to the relative amount of HK determined by Western blots. Moreover, tissue homogenization could disrupt many of these levels of regulation, including detaching HK from mitochondria. It means that in vitro measurements of HK activity may differ from the real in vivo tissue activities.
The mechanisms underlying the enhancement of enzyme activity induced by HK interaction with the mitochondria include conformational changes of the enzyme molecule and Pi competition with G-6-P at its binding site. HK2 forms dimers in the cytosol while the interaction of HK2 with mitochondria requires HK in a tetrameric form, as well as the HK1-mitochondria interaction [69, 70] . The HK monomer-dimer-tetramer transition and their interactions with mitochondria can further affect the conformational state of the monomers and thus also change their substrate-binding affinity resulting in the increased activity of the whole complex. The question then arises how oligomerization of HK2 can change the enzyme activity of monomers. Another question is whether the increased enzyme activity due to it binding to the mitochondria is caused by product channeling [71] , i.e. by a shift of the equilibrium to the right, or through an increased number of active monomers formed by conformational changes induced by the interaction itself. Monomers of HK1 and HK2 share a high degree of functional similarity between certain domains but there are some differences. The first 15 hydrophobic N-terminal amino acid residues are strictly required for association of HK1 as well as HK2 with VDAC on the outer side of the mitochondrial membrane [72] [73] [74] [75] . The N-terminal part of both isoforms also possesses a regulatory domain containing G-6-P and latent glucose binding sites. An active site of both isoforms is located at the central C-terminal part of each monomer and, additionally, the N-terminal part of HK2 also exhibits catalytic properties [24] . A strong regulatory effect of Pi is based on the direct competitive inhibitory mechanism attenuating G-6-P binding to the N-terminal half of the molecule at physiological concentrations [72, [76] [77] [78] and an indirect displacement of G-6-P from the catalytic site (C-terminal half) at HK1 [79] . HK2 is more sensitive to the inhibition by its G-6-P product, because it is not antagonized by Pi at the N-terminal domain [80] . Importantly, HK binding to the mitochondria may also protect the enzyme against degradation. It has been demonstrated that the soluble, but not the mitochondria-bound, hexokinase becomes a substrate for the ATP-and ubiquitin-dependent proteolytic system [68] .
Our immunofluorescence analysis showed that the association of HK1 with mitochondria is greater than with the association of HK2 in both ventricles. Southworth et al. [11] performed a very detailed study focused on the distribution of HK in LV cardiomyocytes using electron Waskova-Arnostova/Elsnicova/Kasparova et al.: Hexokinase and Akt in Rat Heart Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry microscopy. They found that in the resting heart, HK1 is associated with mitochondria to a much higher extent (10-fold) than HK2 and that the binding of each enzyme isoform to mitochondria is regulated differently. Interestingly, under ischemic conditions or increased level of insulin [11] as well as under increased concentration of glucose [6] , the association of HK2 with mitochondria increased 5-fold, while that of HK1 only 2-fold [11] . Recently, it has been reported that fully activated phospho-Akt stimulates HK2 translocation to the outer mitochondrial membrane [15] where HK2 inhibits the binding of the Bax protein [25] and the opening of the MPT pore [22, 26] . Full activation of Akt requires phosphorylation at both Ser and Thr residues and it has been demonstrated in HEK293 cells that the phosphorylation of Thr308 and Ser473 is independent of each other [81] . The Ser473 residue can be also phosphorylated by MAPKAP-K2, the activation of which is not dependent on the PI3-kinase pathway [82] . In the present study, we found that the expression of phospho-Ser-Akt as well as phospho-Thr-Akt is significantly higher in the RV than in the LV. In addition, both ratios of phospho-Ser-Akt/non-phosphorylated Akt and phospho-ThrAkt/non-phosphorylated Akt were markedly higher in the RV than in the LV. Nevertheless, the higher level of activated Akt in the RV did not lead to an increased association of HK2 with the mitochondria. These findings suggest that Akt activation is a necessary but not a sufficient condition for the enhancement of the interaction of HK2 with mitochondria and that yet another mechanism may exist, initiated by a complex physiological processes such as an increased concentration of glucose or insulin, for which the increased binding of HK2 to mitochondria was described [6, 11] .
In conclusion, our present study has revealed significantly higher amounts of HK1 and HK2 and increased phosphorylation of Akt in the RV as compared to the LV. These results suggest that the RV has a higher activity of aerobic glycolytic metabolism and may be able to respond faster and more powerfully to stressful stimuli than the LV.
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